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The results of a study to determine the feasibility of using array feed techniques
to improve the performance of the 70-m antenna at 32 GHz are presented. Chang-
ing from 8.4 GHz to 32 GHz has the potential of increasing the gain by 11.6 dB,
but recent measurements indicate that additional losses of from 3 to 7 dB occur
at 32 GHz, depending on the elevation angle. Array feeds have been proposed to
recover some of the losses by compensating for surface distortions that contribute
to these losses. Results for both surface distortion compensation and pointing error
correction are discussed. These initial studies, however, had one significant restric-
tion: The mechanical finite-element model was used to characterize the surface
distortions, not the measured distortions from three-angle holography data, which
would be more representative of the actual antenna. Further work Is required to
provide for a more accurate estimate of performance that utilizes holography data
and, in particular, one that evaluates the performance in the focal plane region of

the antenna.

I. Introduction

To achieve a significant performance improvement from
the Deep Space Network (DSN), it has been proposed that
the operating frequency be increased to 32 Glz. Currently
the maximum operating frequency for the 70-m antennas
is 8.4 GHz, and these ground antennas were designed to
operate efficiently up to this frequency. Assuming that
both the spacecraft and ground antennas have the same
efficiencies at both frequencies, a performance improve-
ment of 11.6 dB could be expected by changing to 32 GHz.
However, measurements performed on the 70-m antenna
by Gatti [1] at 32 GHz indicated that losses of 4.6 dB
were observed at the rigging angle. The rigging angle is
the antenna elevation angle at which the antenna surface
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shape has been adjusted to minimize losses. Compared
to 1.5 dB at 8.4 GHz [2], this represents a reduction in
potential performance by 3.1 dB at the rigging angle.

The 32-GHz measurements also indicated that at an
elevation angle of 15 deg the losses were 8.8 dB, an in-
crease of 4.2 dB over the 4.6 dB measured at the rigging
angle. At 8.4 GHz the increase in losses over the range of
operating elevation angles is under 0.3 dB. The additional
losses measured at 32 GHz are a significant part of the
potential performance improvement that is to be gained
by going to the higher frequency and must be recovered
if moving to the higher frequency is to be justified. The
work covered by this article analyzes one method that has
been proposed to recover a portion of these losses.



Some of these losses are a function of the antenna eleva-
tion angle and are due to gravitationally induced reflector
surface errors. The surface errors cause distortions in the
antenna focal plane field distributions, which are not cou-
pled efficiently into the antenna feed. It has been proposed
that an array feed be used to sample the distorted focal
plane fields. By proper weighting of the contributions from
each array element, the lost performance could then be re-
covered. This concept would be directed toward recovering
a significant portion of the 4.2-dB gravitationally induced
surface distortion loss.

A second problem of operating at 32 GHz is the reduc-
tion in the antenna pattern beamwidth. The one-sigma
pointing accuracy of the 70-m antenna is presently on the
order of 0.003 deg. At 32 GHz a pointing error of this
magnitude can produce a loss of 1.75 dB. Again, the use
of an array feed has been proposed to recover the point-
ing losses. Blank and Imbriale [3] have analyzed the case
for an array feed used with a single distorted parabolic
reflector, presenting results covering both distortion com-
pensation and correction for pointing errors. This article
extends this work to cover dual-shaped reflector antennas
typical of the 70-m antennas used in the DSN.

Il. Analytical Approach

The antenna that is the subject of this study is the
70-m antenna at DSS 14 (Fig. 1). The antenna has opti-
mally shaped reflector surfaces to maximize efficiency. The
actual antenna has an offset feed horn and an asymmetric
subreflector design to facilitate horn switching. However,
to simplify the study, only a non-offset symmetrical ge-
ometry was analyzed. Figure 2 shows the layout of the
feed horn array, which is located in the focal plane of the
antenna. The horns are positioned in a triangular lattice
consisting of four rings of elements, the outer boundaries
of each ring being hexagonal in shape. This allows the
analysis to evaluate different-sized arrays: using one ring
with one element, two rings with seven elements, three
rings with 19 elements, and four rings with 37 elements.
The coordinate system convention used is that the z axis
is along the direction in which the antenna is pointed and
the elevation axis is normal to the plane containing the y
and z axes, with positive y pointing upward.

To determine the maximum performance that can be
achieved with an optimally excited array-fed antenna sys-
tem, the conjugate weighting method is used [3], as de-
scribed in the following procedure. The antenna system
far field at a common observation point is calculated for

each horn in the array feed. Next, each feed horn excita-
tion is set equal to the conjugate value of the correspond-
ing far-field value at the common observation point. This
in effect weights each far-field point by its complex conju-
gate. Then the weighted far-field values are summed and
normalized, as given by
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Ex = the antenna complex far-field vector associ-
ated with the Kth horn

k = wave number

f(8,4) = field pattern of array horn (assumes no mu-
tual coupling)

Fx = array horn position vector in focal plane

R = unit vector in direction of observation point
6,4 = spherical coordinates of observation point
N = number of horns in array feed

n = free-space impedance

with G being an estimate of the performance that can be
expected from an antenna with distorted surfaces using an
array feed to compensate for the errors. To simplify the
calculation and to get the best estimate, the direction of
the observation point was selected to be in the direction
of the pattern peak when only the center element is used.

A finite-element mechanical model [4], identified as
model J, is used to describe the antenna geometry and
surface shape that results from gravity loading of the an-
tenna at the various elevation angles considered. The er-
rors in the surface shape and antenna geometry were sup-
plied to this task in the form of y-gravity and z-gravity
load-interpolating coefficients, independent of the eleva-
tion angle. To determine the errors at a given elevation
angle, the following generic interpolating function is used:

P = P, [sin(rig) — sin(elev)] + P, [cos(rig)

- cos(elev)] + const (3)
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where rig is the rigging angle and elev is the elevation an-
gle of interest, P, and P, are z and y gravity coefficients,
and const allows the use of a constant term where an error
term is not zero at the rigging angle. Each antenna error,
such as a subreflector displacement or movement of a re-
flector surface point, is described by a three-component-
vector set of P, and P,. Using the above expression, the
three vector components of a given error P can be cal-
culated as a function of elevation angle. The mechanical
model used assumes that the gravity-induced errors or dis-
tortions are symmetrical with respect to the vertical axis
(y axis). Therefore, there are no coefficients for subreflec-
tor displacements or antenna beam boresight movements
in the z direction.

The finite-element mechanical model defines the dis-
torted reflector shape in terms of a vector V(u, v, w), which
defines a point on the distorted surface relative to a cor-
responding reference point on a perfect reflector. The an-
tenna pattern analysis program requires that the surface
errors be defined by an axial or z-directed displacement
relative to a perfect reflector surface. Figure 3 illustrates
the method used to derive the axial term. The vector
V(u,v,w) is defined relative to the point (Xo, Yy, Zo) on
the undistorted main reflector surface. The values of X,
and Yy are used to calculate Zg, in this case on the sur-
face of a shaped main reflector. This point, along with
vector V(u, v, w), defines a point on the distorted surface
(X1,Y1,21). The value of Z, is calculated on the surface
of the shaped main reflector at (X;,Y;). The difference,
D,(z), between points (X1,Y1, Z1) and (X1, Y1, Z2) defines
the axial surface error term.

Since the analysis program needs the distorted sur-
face defined at points other than those in the table of
(X1,Y1,D.(z)), an interpolation function is required. A
local interpolating scheme recommended in [5] was se-
lected. The surface of the reflector is subdivided into
a number of regions approximately equal to the num-
ber of surface panels used on the 70-m antenna. A two-
dimensional quadratic function is then best-fitted with up
to 16 points from the error table, the points selected be-
ing closest to the center of the interpolating region. Fewer
than 16 points might be used if the program determines
that some of the points are too remote from a given region.
The surface error interpolating function is of the form

D, =a; +ax+ azy + a4x2 + aszy + 06y2 (4)

The procedure used in the analysis is shown in Fig. 4.
The gravity load interpolating coeflicient table for the re-
flector, supplied by R. Levy, is the input for the DIST-
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RAW program, which computes the actual surface dis-
tortions for a given elevation angle. The output of the
DIST-RAW program is entered into the DIST-COE pro-
gram to compute the two-dimensional local interpolating
coefficients in Eq. (4) that define the surface errors for
the scattering calculation program. A second set of grav-
ity load interpolation coefficients, describing the motion of
the subreflector and the antenna beam boresight location,
is entered into the RUNGEN program, which calculates
the subreflector and boresight location for the specified el-
evation angle, then calculates the geometry between the
reflector surfaces and the array feeds, and finally gener-
ates a run stream for calculating the antenna system far-
field pattern for each of the array feeds. The horn pat-
terns, the table of data for the undistorted surfaces, and
the output of the DIST-COE and RUNGEN programs
are entered into the scattering program, and the scatter-
ing program is run once for each of the array feed horns.
The GTD/Jacobi-Bessel scattering program is used. The
output of each run of the scattering program, along with
the horn pattern, is entered into the GAIN-EFF program,
which evaluates Eqs. (1) and (2).

lll. Optimum Antenna Configuration

To achieve the most improvement and maximize the ef-
fectiveness of the array feed in compensating for surface
distortions, the subreflector position was adjusted analyt-
ically to provide maximum gain at two representative an-
tenna elevation angles, using the calculated pattern for a
single standard 22-dB horn. (This capability currently ex-
ists, where the DSN antenna subreflectors are moved to
compensate for gravity-induced deflections, using a simple
elevation-dependent algorithm.) Adjustments were made
both vertically and along the antenna axis. At each subre-
flector position, the gain was calculated in the direction of
the predicted boresight angle associated with the selected
elevation angle. Using the subreflector adjustments for el-
evation angles of 15 and 75 deg, a set of gravity coefficients
for the Levy interpolation function was derived:

For z-axis movements P, = 0.041850 in.
P, = -0.941735 in.
For y-axis movements P, = —2.579083 in.
P, = —0.545444 in.

The best boresight location was found to be very close
to those predicted by Levy’s model J, and therefore his in-
terpolation function coefficients are used for the boresight
predictions. The coefficients used are:



Main reflector rotation P, = —1852.8 sec
about z axis P, = 0.3 sec
Main reflector translation P, = 1332.7 sec
in y direction P, = 7.0 sec

The effect of the subreflector translation on the antenna
boresight location is not defined in terms of gravity in-
terpolation coefficients. Instead, the following expression
supplied by Levy is used:

B = 0.0374 Y; deg/in. about z axis (5)

where Y; is the total subreflector motion in the y direc-
tion and B is the boresight shift contribution due to the
subreflector.

In the analysis that follows, it is assumed that the sur-
face errors are strictly due to time-invariant distortions
caused by gravitational loads. Any losses due to small-
scale surface errors are not accounted for, since these errors
are not predicted by the mechanical model. Even if the
small-scale surface errors could be predicted, they would
not be included because this would require an array with a
very large number of unrealizably small elements. In mea-
surements made on the 70-m antenna at 32 GHz and at a
rigging angle of 45.5 deg [1], an efficiency of 35 percent was
observed for a loss of 4.56 dB. At 8.4 GHz and at an eleva-
tion angle of 45 deg, there is a blockage loss of 0.45 dB {2].
If it is assumed that this loss is also typical of the perfor-
mance at 32 GHz and the calculated directivity efficiency
at 45 deg is 0.37 dB, then, subtracting these losses from
4.56 dB, a loss of 3.74 dB remains. Since the efliciency
was measured while the antenna was at the rigging angle,
where the surface is adjusted to remove any systematic
surface errors, it could be assumed that the 3.74-dB loss is
due to random small-scale errors in the individual panels.
A small-scale error loss of 3.74 dB is equivalent to about a
0.7-mm root mean square (rms) surface error using Ruze’s
analysis.

Microwave holography imaging at 12 GHz shows all
DSN 70-m antennas, in their initial (1988) state of adjust-
ment, as having approximately a 0.7-mm rms error at the
rigging angle. Therefore, the assumption that the 3.74-dB
loss is a small-scale error loss is reasonable. Since it is not
likely that an array feed would be able to compensate for
this type of loss, there may be a loss in excess of 3.0 dB
which is not recoverable using array techniques. Because
the study assumes a model that includes only gravitational
loads, this loss does not show up in the foilowing analysis.

If the overall loss is needed, then 4.19 dB (4.56—0.37 dB)
needs to be added to the losses or efficiencies presented
in this article. In other words, the analysis considered
here will not significantly improve the antenna efficiency
at the rigging angle, which is about 35 percent as mea-
sured in [1]. It should be noted that evidence exists that
the 0.7-mm rms small-scale surface errors can be reduced
to 0.45 mm by means of a more time-consuming panel ad-
justment. This procedure might increase the efficiency to
approximately 50 percent at the rigging angle.

A. Effects of Element Size on Performance

Once the best geometry is established, the next step is
to determine the effect of the array feed horn element size
on the ability of the array to recover lost efficiency. Since
the geometry selected places the array elements on a trian-
gular lattice, the element size establishes the element spac-
ing. Four array sizes were evaluated: 1, 7, 19, and 37 ele-
ments. An extreme antenna elevation angle of 75 deg was
selected for calculation. The results for element diameters
ranging from 0.25 in. (0.68 wavelength) to 2.00 in. (5.4
wavelengths) are shown in Fig. 5 for zero-thickness walls.
Figure 6 is a similar plot for a smaller range of horn sizes,
for horns with 0.05-in.-thick walls. The 0.25-in. diame-
ter is the smallest practical size to be considered, since the
cutoff diameter for the TE;; fundamental mode at 32 GHz
is 0.216 in. At a diameter of 0.5 in., the TM;; mode can
be supported. Therefore, single-mode horns were evalu-
ated for diameters less than 0.5 in., and dual-mode horns
were evaluated for diameters of 0.5 1n. and larger. Because
dual-mode horns equivalent to the 22-dB standard hybrid-
mode horns have aperture sizes of about 1.75 in., this size
was included as the largest practical size of interest, and
the plot was extended to 2.00 in. to see how the curve
behaved beyond the largest practical size.

The curve for a single element is what one would expect
(Fig. 5). The gain peaks at about 1.75 to 2.00 in., where
the best performance would normally be found if no dis-
tortions were present, since the antenna optical design was
optimized for horns of this size. As the element size be-
comes smaller, the efficiency drops, as expected, since the
antenna reflectors become overilluminated. Looking at the
curves for more elements, it can be seen that the additional
elements do not compensate for the illumination losses un-
til a diameter of 0.75 in. is reached, and then the perfor-
mance is still not as good as at 1.75 in. or above. It is not
until the single-mode conical horn size of 0.35 in. is reached
and 19 or more elements are used that performance equiv-
alent to the larger dual-mode horns is approached. Thus
the performance reaches a maximum for horn diameters of
approximately 0.35 and 1.75 1n.
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For a more detailed study, the cases of interest are those
with 1.75- and 0.35-in.-diameter horns. To answer the
question of whether an intermediate point might be bet-
ter if pointing or subreflector errors are considered, the
1.25-in. case was also selected. Finally, a case using the
standard 22-dB corrugated (hybrid-mode) horns was se-
lected as a reference case. The spacing for the corrugated
horns is 2.2 in. to allow space for the corrugations.

The horn wall thickness affects how closely the horns
can be positioned. If the horn walls are tapered at the
aperture, then they can be spaced as if there were no wall
thickness. This is the case in Fig. 5. To illustrate the ef-
fect of wall thickness, a set of calculations for horns with
0.05-in. walls at the aperture was made, and the results
are plotted in Fig. 6. The efficiency for a series of horns
with 0.05-in.-thick walls falls off more rapidly than for zero
thickness simply because the horn size refers to the max-
imum horn diameter and the wall thickness then detracts
from the horn’s effective aperture. The effect is more pro-
nounced for the smaller sizes, since the wall thickness ac-
counts for a larger percentage of the horn size. For all
arrays with elements smaller than 1.75 in., zero wall thick-
ness gives significantly better results. For 1.0-in.-diameter
elements, for example, the differences are on the order of
1.0 dB. This is one illustration of how critical the feed de-
sign 1s to achieving the maximum recovery of the energy
in the antenna focal region.

B. Effects of Antenna Elevation Angle

Figures 7 through 10 show the performance of the array
feed as a function of the antenna elevation angle. (Note
the change in the range of elevation angles in Fig. 8.) It
can be seen that the performance peaks at 45 deg and
then drops off as the elevation angle either increases or
decreases. The best performance is obtained at 45 deg
because the antenna surface shape is adjusted at this angle
to compensate for any gravitational distortions. This is
referred to as the rigging angle. The rigging angle could
be any angle, but for the structural model used in this
study the angle was set at 45 deg. As the antenna elevation
angle diverges from the rigging angle, further gravitational
errors cause the surface to deviate from the optimum shape
and the antenna efficiency begins to degrade. With the
exception of the case shown in Fig. 8, the elevation angles
for this study range from 7.5 to 75 deg, which covers the
operational angles imposed on the antenna system.

The effects of element spacing can be seen by comparing
the curves for the standard hybrid-mode horn (2.2-in. di-
ameter) in Fig. 7 and the 1.75-in. dual-mode horn in Fig. 8.
For the single-element case the performance is the same for
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both horn types to within a few hundredths of a decibel
over the range of elevation angles. This is to be expected,
since the patterns for a single horn for these two cases
are very similar. The efficiency ranges from —3.5 through
—0.4 to —2.3 dB over these elevation angles, showing that
there is significant room for improvement. When seven
elements are used, the dual-mode horns with their denser
packing have better performance by 0.5 dB at 7.5 deg than
the hybrid-mode horns. With 37 elements, the difference
at 7.5 deg is 0.6 dB, and at 75 deg it is 0.13 dB.

Considering the 1.75-in. dual-mode configuration only,
the following observations can be made. At 45 deg, the
loss is 0.42 dB for a single horn, which is the directiv-
ity loss for an undistorted reflector; with a properly de-
signed feed such as the one used, it represents the best
performance achievable. Using additional horns at 45 deg
does not change the performance. At an elevation angle
of 7.5 deg, a single element has a loss of 3.48 dB, seven
elements have a loss of 2.04 dB, and 37 elements have a
loss of 1.72 dB. Thus there is an improvement of 1.44 dB
when going from one to seven elements and 1.77 dB when
going to 37 elements. At an elevation angle of 75 deg, a
single element has a loss of 2.35 dB, seven elements have a
loss of 1.73 dB, and 37 elements have a loss of 1.49 dB. In
this case there is an improvement of 0.62 dB when going
from one to seven elements and 0.85 dB when going to 37
elements. The array feed in effect has halved the losses
due to surface distortion when using 37 elements at the
extremes in elevation angles, with most of the improve-
ment achieved by adding one ring of elements for a total
of seven elements.

The performance curves shown in Fig. 9 for the 1.25-in.
dual-mode horns are considerably lower than those for the
previous cases at all elevation angles and for any num-
ber of horns. The loss at 45 deg with a single element
is 1.33 dB because the antenna is overilluminated by the
smaller horn. It is interesting to note, however, that with
additional elements at this elevation angle no significant
performance improvement is achieved. This shows that,
for shaped-reflector designs and with small reductions in
horn size, the outer horns do not effectively capture the
small amount of energy no longer collected by the center
element. For the 0.35-in. single-mode horn (Fig. 10), it
takes 19 elements to get to within 0.0 to 0.2 dB of a single
1.75-in. horn over the range of elevation angles calculated.
It takes 37 elements to get within 0.1 dB of a single 1.75-
in. horn at a 45-deg elevation angle. Thus, for cases where
the antenna 1s properly pointed and the subreflector is in
the optimum position for the elevation angle, the smaller
elements provide no real advantage and the 1.75-in. dual-
mode horn is the better choice.



C. Performance Versus Pointing Angle

In addition to compensating for distortions with a prop-
erly pointed antenna, an array feed can also be used to cor-
rect for antenna pointing errors. These pointing errors can
be due to rapid changes in the surface distortion, a lack of
knowledge of what the pointing errors are for a given eleva-
tion angle, or a limitation in the pointing accuracy of the
antenna control system. A pointing accuracy on the order
of 0.003 deg is considered good for the 70-m antenna and
causes a negligible loss at 8.4 Gz, the current maximum
operating frequency. At 32 GHz, however, a pointing error
of this magnitude can give rise to a 1.75-dB loss. Pointing
errors were simulated in this study by calculating the per-
formance improvements along directions at various angles
relative to the best antenna pointing angle (boresight).
With one exception, the calculations were made at an el-
evation angle of 75 deg so as to include the effects of sur-
face distortions. Cases were calculated for 0.35-in. single-
mode horns, for 1.25- and 1.75-in. dual-mode horns, and
for a 2.2-in. hybrid-mode horn. The one exception is the
2.2-in. hybrid-mode horn, for which an elevation angle of
45 deg was used.

The performance of the 2.2-in. hybrid-mode horn is
shown in Figs. 11 and 12. For an elevation angle of 45 deg
(Fig. 11), it can be seen that the performance as a func-
tion of boresight offset angle is virtually the same for any
number of elements. This indicates that only one element
is contributing to the antenna performance. Figure 13 il-
lustrates the antenna beam patterns for four feed elements
(one located on the antenna axis and three located at var-
ious radial distances from the axis). For elements other
than the central one of an array feed to compensate for
losses due to a pointing error, they must contribute signal
power in the direction of the pointing error. If a pointing
error of 0.003 deg is assumed, from the figure it can be seen
that only the first beam has any energy in that direction.
The next beam (Y = 1.8621) is considerably more than
16 dB down from the contribution of the center element
at 0.003 deg. (Note that the curves do not extend low
enough to provide a more accurate value.) At this level
the second element (or for that matter any of the other
additional elements) cannot significantly contribute to im-
proving the performance for a pointing error on the order
of 0.003 deg. This effect can be seen for a 75-deg elevation
angle in Fig. 12, where the separation of the four curves re-
mains essentially constant as a function of boresight offset
angle over typical pointing errors.

As will be seen later, significant pointing error improve-
ments will not be seen until the feed size, and therefore the
feed spacing, is reduced by three or more times and a larger

number of elements is used. This problem is aggravated by
the shaped reflector design of the 70-m antenna. Shaped
designs provide nearly uniform illumination, which in turn
provides the narrowest beamwidth for a given antenna size.
Conventional antenna designs do not provide uniform il-
lumination and therefore have much wider heamwidths.
These wider beamwidths for conventional-design antennas
allow higher crossovers between adjacent beams and there-
fore a higher potential to compensate for pointing errors
than for shaped designs.

The following discussion applies to elevation angles of
75 deg. The hybrid-mode horn case (Fig. 12), over the
range of —0.004 to 0.002 deg (for a pointing accuracy of
0.003 deg) with seven elements, gives an improvement over
and above the distortion compensation of only 0.2 dB at
—0.004 deg and 0.0 dB at 0.002 deg. Additional elements
do not give any additional pointing-error compensation.
The 1.75-in. dual-mode horn case (Fig. 14) has a perfor-
mance very similar to the hybrid-mode horn case over the
range of —0.004 to 0.002 deg, except for a 0.2-dB improve-
ment at 0.002 deg for seven elements. Thus the larger horn
sizes show little potential for pointing correction. The
1.25-in. dual-mode horn case (Fig. 15) shows improved
pointing capability with additional elements over the same
angles. Unfortunately, because of the lower performance
at the best pointing angle, all the element curves for the
1.25-in. case are below the corresponding ones for the
1.75-in. case over a range of pointing errors of 0.006 deg.
Therefore the 1.25-in. case is not as good a choice as the
larger array sizes unless it is a requirement to support a
range of pointing errors larger than 0.008 deg.

The arrays with smaller elements have much better
pointing-error correction capability. The correction capa-
bility for the 0.35-in.-diameter single-mode horn is shown
in Fig. 16. The performance with one or seven elements
is not as good as can be achieved with 1.75-in. elements,
since with such a small number of elements the antenna
is overilluminated. The performance of the 0.35-in. case
with 37 elements and no pointing correction falls between
that for one element and that for seven elements for the
1.75-in. case. Over a range of pointing errors of 0.006 deg,
the 0.35-in. case with 37 elements has from 1.0 to 1.2 dB
better performance than the 1.75-in. case with seven ele-
ments and 0.8 and 0.9 dB better performance than the
1.75-in. case with 19 elements. The 0.35-in. case with
19 elements has 0.2 to 0.3 dB better performance than
the 1.75-in. case with seven elements and no improve-
ment over the 1.75-in. case with 19 elements. For error
ranges greater than 0.006 deg, which could result from
wind gusts, 0.35-in. arrays with 19 or more elements have
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an advantage. This advantage, however, is at the expense
of the better performance that would be achieved with
19 1.75-in. horns if the pointing errors were normally lim-
ited to a range of errors smaller than 0.006 deg.

For pointing error compensation and with 37-element
designs, arrays with 0.35-in.-diameter horns are best. For
19-element designs, arrays with 0.35-in.-diameter horns are
better when pointing errors are greater than £0.003 deg.
For seven-element designs, arrays with 1.75-in.-diameter
horns are better, even though the 1.75-in. design has no
pointing correction capability.

D. Performance Versus Subreflector Lateral Position

The ability of the array feed to improve performance
was analyzed with the subreflector located at the position
that gives the best performance as a function of elevation
angle. In actual practice, the subreflector will normally be
set at this location, and it is useful to know how accurately
the subreflector needs to be positioned to maintain optimal
performance. In addition, knowledge of the effect of array
design on subreflector positional accuracy would be useful
in the selection of an optimum array design. First consider
the case using the hybrid-mode horn. Figure 17 shows the
antenna at 45 deg, and therefore the results do not include
any distortion effects. The number of elements has no ef-
fect on the performance until the positional errors exceed
0.1 in., well within the expected positional accuracy. In
order to hold the losses within approximately 0.2 dB, the
subreflector needs to be set within 0.03 in. Figure 18
shows the performance at an elevation angle of 75 deg.
Although the performance is lower because of the surface
distortions, the sensitivity to subreflector position for a
single element remains about the same. Over the region of
interest, additional elements do not improve performance.
Figures 19 through 21 show the performance of the smaller
feed elements. The 1.75-in. dual-mode design behaves
essentially the same as the hybrid-mode design over the
small range of displacements expected. The relative per-
formance between elements of different sizes is similar to
that seen for beam-pointing performance. The subreflector
is less sensitive to position for the 1.25-in. dual-mode case
than for the 1.75-in. case when the use of more than one
element is considered. The 0.35-in. single-mode case has a
low sensitivity to position with 19 elements, the minimum
number of elements that is practical with elements of this
size. With 37 elements, the 0.35-in. design is virtually in-
sensitive to subreflector position over £0.1 in. However,
if the subreflector can be positioned within +0.04 in., in-
cluding wind gusts, then the seven-element 1.75-in. horn
case still represents the best overall performance.
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IV. Summary and Conclusions

The previous discussion covers the calculated perfor-
mance of the 70-m antenna when used beyond its design
frequency, where surface distortions detract from its per-
formance. An array of circular feed horns arranged in a
triangular lattice was used to recover some of the lost per-
formance. A study was conducted to determine how effec-
tive this method is in recovering the lost performance so
that the potential improvement from increasing the oper-
ating frequency can be judged.

Although the cost tradeoff for this concept is beyond
the scope of this study, some useful observations can be
made. It was indicated that the measured gain loss at
32 GHz at the rigging angle was 4.56 dB with a hybrid-
mode feed horn. The calculated radio frequency (rf) losses,
which do not include random small-scale surface distor-
tions, quadripod blockage, or dissipation losses, for a sin-
gle hybrid-mode horn with the antenna at the rigging an-
gle are 0.37 dB. This indicates that the small-scale sur-
face distortion, quadripod blockage, and dissipation losses
are 4.19 dB. Adding this loss to the calculated rf loss of
3.48 dB at an elevation angle of 7.5 deg gives an over-
all loss of 7.67 dB. This is to be compared with a 1.8-dB
loss at 8.4 GHz, composed of a 1.5-dB efficiency loss [2]
and an antenna distortion loss of 0.3 dB at 7.5 deg. This
gives a net loss of 5.87 dB at 32 GHz relative to 8.4 GHz
at 7.5 deg. In order to evaluate the significance of this
relative loss, this loss along with any relative losses asso-
ciated with the spacecraft system would have to be sub-
tracted from the potential gain increase of 11.6 dB due to
frequency scaling. Thus, subtracting the 5.87-dB relative
loss from 11.6 dB leaves a 5.73-dB net improvement, less
any spacecraft-related losses.

As mentioned earlier, the small-scale rms error of the
70-m antennas is about 0.7 mm. A large part of this error
is panel setting error. Recent data indicate that the panels
could be readjusted, using holography techniques, to pro-
vide an rms error of about 0.45 mm. If this improvement
can be achieved, 2.2 dB of the small-scale surface error
losses could be recovered and as much as a 7.93-dB net
improvement could be obtained. A long-term goal is to
achieve a 0.25-mm rms surface accuracy by the year 2000,
and this could provide 1.0 dB of additional improvement
at 32 GHz.

As the study shows, some of the lost performance can
be recovered with an array feed. It was further shown
that arrays with 1.75-in.-diameter horns gave the best im-
provement for distortion errors. For seven elements at
7.5 deg, the array feed would recover 1.44 dB of the es-
timated 3.48-dB gravity distortion loss. Going to 19 or



37 elements would recover only an additional few tenths
of a decibel and is not practical to consider at this time.

To provide pointing-error compensation, small array el-
ements are required, with the 0.35-in.-diameter horn ele-
ments performing best. Although the peak gain of the
1.75-in. array elements in the boresight direction is higher
than for the 0.35-in. elements, the scanning capabilities of
a 37-element array of 0.35-in. elements allow it to exceed
the static performance of an array of 1.75-in. elements.
For pointing errors in excess of 0.003 deg, an array of 19
0.35-in. elements will give better performance. Using fewer
than 19 elements for the 0.35-in. element array is not prac-
tical, since they would cover a smaller area than a single
1.75-in. horn. Since a single 1.75-in. horn is close to op-
timum for an undistorted antenna, a 0.35-in. array with
fewer than 19 elements would never be able to effectively
illuminate an undistorted antenna, much less a distorted
one.

The question naturally arises as to why more of the
energy lost to large-scale surface distortions cannot be re-
covered. Why is the recovery limited to about half of the
lost power? There is no simple answer at this time. The
analysis was done in the transmit mode. Patterns and
excitations were assigned to the array feed, and the ef-

fect on the overall gain of the antenna was calculated in
the presence of surface errors. This method gives no in-
sight into what the focal fields look like and how they are
affected by the antenna distortions. In addition, the trans-
mit method gives no idea of how effectively the array feed
system samples these focal plane fields. What is required
is to calculate the performance in the receive mode. This
would directly provide the focal plane fields. In turn, by
correlating the aperture fields of the array horns with the
focal plane fields, the performance of the antenna can be
predicted. More importantly, greater visibility of what is
happening to the fields in the focal plane region would
provide a method for determining the best array geometry
and horn type for surface-error compensation.

A program capable of efficiently computing the receive-
mode patterns of a 70-m antenna at 32 GHz did not exist
at the time this study began. Also the field correlation
technique required needed to be developed. Further work
needs to be done to implement and use the receive mode
of analysis, and then other classes of feed horn designs
need to be studied to determine how much more of the
lost power can be recovered. If more of the lost power is
recoverable, then it must be determined what the potential
improvements are and whether array feeds represent the
best way to implement a 32-GHz capability.
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Fig. 2. Feed array configuration.
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Fig. 3. Definition of surface distortion.
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EFFICIENCY, dB

Fig. 5. Effect of feed element size on efficiency of 70-m antenna
for arrays of elements with zero-thickness walls.
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Fig. 4. Calculation flow diagram for analysis.
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Fig. 8. Performance of 70-m antenna versus antenna elevation angle for arrays of
1.75-in.-diameter dual-mode feed horns.
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